A Mach-Zehnder interferometer was developed for accurately measuring relative phase shifts of light propagating in photonic colloidal crystals deep into the stop bands. These phase shifts can be used to determine the change in index of refraction and the optical dispersion relation from photonic band structure near the band edges. Phase measurements of colloidal crystals incorporating an impurity peak in the transmission spectrum are also presented.
INTRODUCTION
Photonic bandgap structures are to photons what semiconductor crystals are to electrons. Photonic bandgap structures are fabricated by assembling threedimensionally periodic structures, where the dielectric constants of the constituent media are different. Selection of the right materials and structure can yield complete photonic bandgaps, where the stop bands created by Bragg diffraction overlap for all directions and polarizations over a range of frequencies. Transmission and generation of electromagnetic waves in a certain wavelength range become prohibited in materials with complete bandgaps. [1] [2] [3] [4] [5] Complete two-dimensional photonic bandgaps in the visible and near-infrared regime have already been fabricated. [6] [7] [8] These two-dimensional bandstructure materials can be used to produce more efficient waveguides 9, 10 and microcavities. 11, 12 Three-dimensional photonic bandgaps in the optical regime have also been investigated experimentally and theoretically, [13] [14] [15] [16] but combining submicron feature sizes with macroscopic crystal dimensions has remained a challenge.
In this paper we report the dispersion relation of a photonic crystal measured by means of phase information acquired through interferometry. The photonic crystals considered here are three-dimensional arrays of polystyrene colloidal particles grown in an aqueous solution. 17, 18 Depending on volume fraction and particle diameter, the colloidal microspheres crystallize in either bcc or fcc structure. Photonic stop-band properties of both structures have been studied extensively. [19] [20] [21] It has been shown theoretically 22 that polystyrene colloidal crystals are not expected to exhibit a complete photonic bandgap because the lattice type is not ideal and the dielectric contrast between the low and the high dielectric regions is not adequate. However, colloidal crystals do permit studies of photonic band-structure effects and acquisition of the dispersion relation, as reported here.
The polystyrene microspheres have a permanent net negative charge on their surface, counterbalanced by free ions in the solution. Since these colloidal crystals are formed without mechanical contact of the spheres, the screening length of the electrostatic interaction owing to the surface charge has to be increased until the interaction is strong enough to form a crystal lattice. This can be done by removing most of the stray ions. By use of ion-exchange resin the colloidal solution can be cleaned sufficiently to allow colloidal crystal growth.
Photonic crystals have been grown for this work from a colloidal suspension of polystyrene microspheres having a diameter of 0.173 m and monodispersivity to within 3.1%. 23 The stock solution of 10% volume fraction was diluted to the desired volume fraction for an fcc crystal lattice. Since the (111) planes are the closest packed planes in the fcc structure, these planes naturally orient along the crystal cell window. When illuminating this crystal cell at normal incidence, the illumination is thus along the [111] direction. Kossel-line analysis 24 was used for examination of crystal quality and confirmation of the orientation.
A transmission spectrum of one of these crystals is shown in Fig. 1 [25] [26] [27] and 7% volume fraction. The decrease in transmission on the shorter wavelength side of the stop band shown in Fig. 1 arises from increased absorption and scattering from imperfections.
INTERFEROMETER DESIGN
Our experimental setup, shown in Fig. 2 , consists of an Ar ϩ ion laser pumping either an R6G dye laser or a Ti:Sa laser, with tuning ranges of 570-640 nm and 700-1010 nm, respectively. The Ti:Sa laser's wide tuning range makes it possible to measure phase shifts far outside the stop band, enabling a more accurate determination of the free-photon limit. Only data acquired with the Ti:Sa laser shall be discussed in detail here; previous measurements taken with the dye laser are included for comparison. 28 A modified Mach-Zehnder interferometer, 29 shown in Fig. 3 , was chosen for this work because of its orthogonality of adjustments. Pinholes on the empty cell and the crystal cell were used to scan only a small section of the colloidal crystal at a time. The fringe patterns in the interferometer were captured by a CCD camera for each step in wavelength, as shown in Fig. 4 . A nonlinear least-squares fit of Eq. (1) to each fringe pattern was used to extract the desired phase information:
Here, I avg is the intensity, and and w are the center position and the width, respectively, of the Gaussian envelope. The spatial frequency and the phase of the fringe pattern are f and ⌬⌽, respectively. V is the visibility of the fringe pattern, defined as the difference between the minimum and maximum intensities relative to I avg ; it is a measure of the contrast in the fringe pattern.
Variable neutral attenuation wheels, AW 1 -AW 3 in Fig. 3 , were used to change overall intensity and to maintain high fringe visibility as the wavelength was tuned to the stop-band center. The effect of these adjustments may be seen in Fig. 5 , which shows that the visibility can be maintained at a high value of Ͼ0.5 until the transmission through the sample drops by over two orders of magnitude. Fringe movement arising from the repositioning of the attenuation wheels was automatically removed by the data-acquisition program. For Fig. 5 a thin-film interference notch filter was used as a reference sample. 30 The entire tuning range of the Ti:Sa laser can be explored by use of three different output couplers; however, the output direction and the position of the laser beam changes slightly after changing and realigning the mirror sets. Since it is important to maintain the same path lengths in each arm of the interferometer, it was necessary to steer the Ti:Sa laser output in a reproducible way. A spatial filter and a mirror assembly, MA 2 , were used. Maximizing the output behind the spatial filter by moving the beam horizontally and vertically as well as tilting it before entering the spatial filter yielded a reproducible beam direction, enabling interferometry with all mirror sets in one data set.
REMOVING BACKGROUND PHASE SHIFT
Dispersion arising from the optical elements in the interferometer was almost completely removed by careful selection of matching elements in each arm. Each optical element in one arm had a counterpart of equivalent dispersion in the other arm. The optical path lengths inside the interferometer were equalized as accurately as possible with the sample present. This was accomplished by minimizing the fringe movement as the wavelength was tuned over a small range far outside the stop band. Since the path difference can be minimized but not completely removed, there is a residual phase shift when the wavelength is tuned that does not arise from the photonic band structure. Figure 6 shows this phase shift in multiple scans taken with no sample cells present, when all mirror sets of the Ti:Sa laser are used and the entire tuning range is covered. It can be seen that the different scans line up very well, indicating that the beam position and the direction following the spatial filter were reproducible with a change of the output coupler. With the wider tuning range of the Ti:Sa laser it can also be seen that this phase shift is not linear in the wavelength, as had been assumed previously for a smaller tuning range. 28 A model for the wavelength dependence of this nonphotonic phase shift observed in the fringe pattern is presented below.
The phase difference ⌬ 1 between the two beams at a reference wavelength v1 is related to the path difference by
where ⌬x is the optical path difference between the two arms. The subscript v denotes that the vacuum wavelength is used in the following equations. Similarly, the phase difference ⌬ 2 for any other wavelength v2 can be expressed as
The difference between these two phase differences is equal to the fringe movement at the CCD camera,
The phase difference ⌬ 0 is measured with respect to the fringe pattern at the reference wavelength v1 , i.e., It is also possible to include the effect of normal dispersion in the cell with colloidal suspension and the water cell by splitting ⌬x in two parts,
Here, ⌬x phys is the optical path difference between the two interferometer arms at the reference wavelength v1 , and ⌬x disp ( v ) is the additional optical path difference introduced by normal dispersion in the water and the sample cell when the wavelength is tuned. For numerical purposes this means that a nonlinear least-squares fit to Eq. (4) may be applied with the parameters v1 and ⌬x phys . For the data shown in Fig. 6 , ⌬x phys was 5.2 m according to the result of the fitting procedure. The fitted ⌬ 0 may be subtracted from the raw phase data ⌬⌽, leaving the phase change arising solely from the photonic structure, ⌬( v ),
The result of this procedure is shown in Fig. 7 for the colloidal crystal discussed earlier. Far away from the stopband edge in the free-photon limit, the phase change approaches zero on both sides.
DEVIATION OF INDEX OF REFRACTION
The observed phase shift ⌬( v ) may be related to an anomalous deviation in the index of refraction. In the conversion presented below, the index of refraction and the wave vector are assumed to be real quantities; this conversion is approximate given that the wave vector becomes complex within the stop band. However, for the polystyrene colloidal crystals studied here this has been shown to be an excellent approximation, where the imaginary portion of the wave vector remains less than 1% of the magnitude across the stop band. 31 For systems with stronger scattering or a larger effective index of refraction the conversion process should incorporate complex quantities.
The total index of refraction of the crystal, n c ( v ), may be split into a ''normal'' index n c0 ( v ) and a deviation part, ⌬n c ( v ),
where
The thickness of the sample, d sample , was determined to be 600 m Ϯ 20 m. The resulting ⌬n c ( v ) may be seen in Fig. 8 . It should be mentioned that the sign of ⌬n c ( v ) is undefined because the direction of phase shift is determined by the interferometer setup, not the photonic material itself. Hence one must assign the correct sign to ⌬n c ( v ) by observing the direction of curvature of the dispersion relation. The resulting deviation ⌬n c Ϸ Ϯ0.0025 at the band edges is clearly evident and is expected to grow as the center of the stop band is approached. When the stop band is entered, the signal-to-noise ratio decreases because the transmitted intensity through the crystal decreases by orders of magnitude, while the transmitted intensity through imperfections and inclusions, which is not related to the dispersion relation of the photonic crystal, stays constant. Deep inside the stop band, the fringe patterns become noisier and fitting the phase change becomes less accurate; hence a gap appears in the relative phase and the refractive index reported.
For determining the direction of ⌬( v ), the experimental data may be compared with a theoretical prediction for the dispersion relation. 32 The dispersion relation may be determined as follows. By definition,
With Eqs. (8) and (9) for n c , the dispersion relation can be written as
PHASE MEASUREMENTS WITH DOPED CRYSTALS
Microwave models have already demonstrated that sharp transmission peaks may be introduced inside the stop band by intentional introduction of defects in an otherwise perfect photonic crystal. 33 In the case of colloidal crystals it is possible to substitute a small amount of colloidal microspheres with particles of a slightly different size. Transmission scans of the resulting crystals have been studied previously. 34 A transmission scan along the [111] direction of such a crystal is shown in Fig. 9 ; this particular crystal consists of 0.173-m polystyrene host particles with 7% of the host particles replaced by 0.203-m polystyrene impurity particles. The impurity peak has a height of ϳ1.5 orders of magnitude above the stop-band transmission minimum.
The interferometric data, shown in Fig. 10 , were taken in multiple scans with the Ti:Sa laser using both the medium-wave and the long-wave output couplers. The transmission scan from Fig. 9 is superimposed on the phase data to show the correspondence between the various features in the two data sets. The diverging phase at Fig. 8 . Deviation of the index of refraction near the stop band, calculated from the phase data in Fig. 7(b) with Eq. (9) . The phase information is lost when the stop-band center is approached because of a strongly decreased signal-to-noise ratio.
the long-wavelength side of the stop band is evident, as for the case of pure colloidal crystals. However, there is a feature at the lower-wavelength side that is not present in the phase change from a pure crystal. The apparent maximum in phase change at 912 nm is related to the appearance of the impurity peak in the transmission scan. It also appears that features in the phase data such as extrema and wavelengths of divergence are taking place where the transmission curve has inflection points. Figure 11 shows a comparison of previously published phase and transmission data acquired from a pure colloidal crystal 28 and data recently acquired from the doped colloidal crystal. For ease of comparison the two graphs have the same scaling on all axes. When the transmission curves are compared, it is clear that the doped crystal has a much wider stop band than the pure crystal. The stop band is about as wide (60 nm) as the entire tuning range of the dye laser. Therefore it would not have been possible to establish the free-photon limit using a doped crystal and the dye laser. The Ti:Sa laser has a much wider tuning range when multiple mirror sets are used; it was used in this scan to obtain an adequate freephoton limit.
To get data from the impurity peak, it is necessary to collect phase data from deep inside the main stop band. The graph shows that the previous scan lost the fringe pattern at a wavelength that corresponds to a transmitted intensity two orders of magnitude below the value outside the stop band. However, observing the transmission spectrum of the doped crystal shows that the impurity has its peak at just above 10 Ϫ2 relative intensity. Hence it would not have been possible to observe the phase change from the impurity with the original interferometer setup. Figure 11 shows that the improved instrument, incorporating the attenuation wheels, is able to increase the dynamic range by at least one order of magnitude, making it possible to map out the effects of impurities.
By improving the overall quality of the colloidal crystals and hence reducing scatter in the phase data, one might gain more detailed insight into the microstructural properties of the impurities. The issue of whether the dopant particles occupy substitutional sites or rather form regions of ordered alloy is an important one. A more rigid colloidal crystal, possibly with a solidified support matrix for the polystyrene microspheres, 35 will be helpful in addressing this issue.
SUMMARY
In summary, the feasibility of measuring photonic band structure in pure and doped colloidal crystals by interferometry has been demonstrated. This work demonstrates significant improvement of our earlier instrument in wavelength range and dynamic range for phase measurements. More accurate modeling of the nonphotonic phase shift has been incorporated as well. Preliminary data from impurity crystals demonstrate the feasibility of observing details of impurity states in photonic crystals by interferometry. . The wide tuning range and the high dynamic range of the improved instrument are necessary to obtain the free-photon limit and the phase data of the impurity peak, respectively. For ease of comparison, all axes have the same scaling.
